Marsh rice rats (Oryzomys palustris) inhabit wetlands and occasionally occupy adjacent uplands. I hypothesized that demographic factors, environmental factors, and/or prey availability influenced their use of upland habitats. Rice rats were monitored on livetrap grids that extended from low marsh through upland habitats near Galveston, Texas. Diet was determined from fecal samples, and regression models evaluated influence of environmental factors on upland use. Density was highest in wetlands during summer and autumn and highest in uplands during winter and spring when tides were high and temperatures low. Adults were more common in wetlands, and juveniles were more frequent in uplands, whereas abundance of subadults was similar in wetlands and uplands. Rice rats ate primarily aquatic organisms and wetland vegetation in both habitats; upland plants were a minor component of the diet of rice rats in uplands. I conclude that uplands were not primary foraging areas but served as sink habitats for dispersers and as refuges during high tides. Given the highly fragmented nature of these wetlands, uplands may have significant conservation value as sinks in a metapopulation. These results support views that current laws for wetland delineation are ecologically incomplete because uplands are not protected and that buffer habitats or transitional areas adjacent to wetlands should be included in legislation and management plans.
Wetlands offer flood protection, improve water quality, recharge aquifers, function as storm buffers, and are sources and sinks in nutrient cycles (Gosselink and Maltby 1990; Sather and Smith, in litt.) . Moreover, wetlands provide food and habitat for both local and migratory animals (Mitsch and Gosselink 1993) . Wetlands are protected under state laws, federal laws, and international conventions (Mitsch and Gosselink 1993) . To delineate a jurisdictional wetland, the Army Corps of Engineers considers 3 criteria: hydric soils, hydrologic conditions associated with flooding, and hydrophytic vegetation (Lyon 1993) . However, wetlands are part of an ecological gradient between uplands and open water, and physical boundaries set by this legal definition are arbitrary (Mitsch and Gosselink 1993) with the result that adjacent upland habitats are often obliterated by commercial or residential development. Thus, the jurisdictional definition of a wetland is incomplete ecologically because it fails to protect habitats of species that reside in wetlands but use adjacent uplands during certain life-history stages (e.g., Bodie and Semlitsch 2000; Burke and Gibbons 1995) .
The marsh rice rat (Oryzomys palustris) primarily occupies marsh habitats (Negus et al. 1961; Wolfe 1982a ) but also occurs in adjacent uplands (Hamilton 1946; Hice and Schmidly 1999; Wolfe 1985 Wolfe , 1990 . Use of uplands could be related to population demography, environmental factors, or prey availability. Uplands could function as sink habitats for rice rats, sinks being habitats of low quality where local mortality exceeds local reproduction and population density is maintained by immigration (sensu Krohne 1988; Lidicker 1975; Pulliam 1996; Tamarin et al. 1984) . Rice rats also may use uplands as either nesting sites or refuges to escape periodic flooding in tidal marshes. Rice rats prefer to nest in upper branches of wetland plants or in uplands where nests would be sheltered from flooding tides (Hamilton 1946; Sharp 1967; Svihla 1931) . Similarly, rice rats occupy drier areas when seasonally high water covers their usual marsh habitats (Goodpaster and Hoffmeister 1952) and seek refuge in shrubs during flooding of marshes by storm surges (Wolfe 1982a) .
Uplands also may function as foraging habitats. Rice rats generally forage on fish and crabs in marshes (Negus et al. 1961; Sharp 1967) . However, they occasionally feed in uplands on eastern gamagrass (Tripsacum dactaloides) and wild-rye (Elymus virginicus-Hamilton 1946) or on insects and berries (Kincaid and Cameron 1982) . Thus, rice rats may forage in uplands when food availability is low in wetlands or to supplement their diet during reproductive periods when requirements for nutrients may be high.
My objective was to determine demographic characteristics and diets of rice rats in coastal marshes and adjacent upland habitats. I evaluated whether upland habitats functioned as sink habitats, refuges from seasonal flooding, or foraging areas.
MATERIALS AND METHODS
My research was conducted at 4 field sites in the tidal region bordering Galveston Bay, Texas, from November 1996 through December 1997. Two sites were located at Galveston Island State Park, and 2 sites were located along Highland Bayou (1.5 km northwest of Bayou Vista north of Interstate Highway 45 and 3.25 km northwest and 0.75 km east of Bayou Vista; 208109340N, 948569160W). Vegetation at all sites included Spartina alterniflora (smooth cordgrass) along the shoreline; Batis maritima (saltwort), Monanthochloë littoralis (salt-flat grass), Salicornia including S. bigelovii (annual glasswort) and S. virginica (perennial glasswort), and Borrichia frutescens (sea ox-eye daisy) extending inland; and Andropogon glomeratus (bushy beardgrass), Spartina spartinae (Gulf cordgrass), Schizachyrium scoparium (little bluestem), and Baccharis halimifolia (sea-myrtle-Correll and Johnston 1970) in uplands.
A trapping grid at each field site extended from wetland habitat at the water's edge, through high marsh area, and terminated in upland habitat. Grids at Galveston Island State Park were 1.76 ha (195 Â 90 m) and 1.82 ha (135 Â 135 m), and grids along Highland Bayou were 2.34 ha (195 Â 120 m) and 2.16 ha (180 Â 120 m). Grid size varied slightly because of different configurations and amounts of marsh and upland habitats at each site. Sherman live traps (7.8 Â 9.3 Â 23.5 cm; H. B. Sherman Traps, Inc., Tallahassee, Florida) were placed at 15-m intervals. Total number of traps differed slightly among grids because of their different areas, but number of traps in wetland and upland habitats was equal for each grid.
Traps were affixed to expanded polystyrene (Styrofoam) platforms (45 Â 20 cm) with a bungee cord to keep them afloat during periods of high water; platforms were nestled into vegetation to prevent loss during high tides. Traps were baited with birdseed and an apple slice just before sunset and were checked at sunrise for 3 days each month. Species, sex, reproductive condition (determined by descended testes for males and by perforate vagina, sperm plug, enlarged nipples, or obvious pregnancy for females), and body mass were recorded for each captured animal. Animals were individually marked and released at capture stations.
Abundance was computed as minimum number alive (Krebs 1999 ). Minimum number alive was computed for each habitat type by using captures in that habitat type and dividing by half of grid area. A buffer strip was not added to the grids to compute area. Age structure was expressed as percentage juvenile (0-30 g), subadult (31-50 g), and adult (.50 g-Wolfe 1985) . Reproductive activity was determined as percentage males and females that exhibited reproductive traits. Because few or no animals were captured during some months in uplands, data were grouped into seasons: winter (January-March), spring (AprilJune), summer (July-September), and autumn (October-DecemberCameron 1977) . Demographic parameters were analyzed for 1997 by 2-way repeated-measures analysis of variance (ANOVA) using season and site (wetland, upland) as factors. Variables expressed as percentages were normalized with an arcsine transformation (Zar 1999) .
Diet of O. palustris was determined by collecting fecal pellets from traps. Feces were dried at 658C, macerated with a mortar and pestle, cleared by boiling in water for 30 min (modified from Stewart 1967), rinsed in 95% ethanol, suctioned dry, and mounted on a microscope slide with Permount mounting medium (Fisher Scientific, Inc., Pittsburgh, Pennsylvania). Slides from at least 5 animals were randomly selected from each month for both wetland and upland habitats (except during summer and autumn, when animals in upland were less abundant). Each slide was viewed under a microscope, through a 10-mm 2 grid, at a magnification of 100Â. Twenty random 1-mm 2 fields were selected on each slide. Fragments in each field were identified to food type (e.g., aquatic invertebrates and fish, insects, wetland vegetation, or upland vegetation) and counted, and each food type was expressed as a proportion of the total diet.
For comparison of items in feces, potential food items were collected from the habitat, mounted on slides as described previously, and photographed as a standard for identifying food types in fecal samples. Epidermis was removed from leaves and stems of dominant plant species, and seeds were dried at 658C and ground with a mortar and pestle. To obtain fecal pellets containing aquatic organisms for comparison with feces, rice rats were housed individually with ad lib water and fed birdseed for 48 h to clear their digestive tract of previous food items. Animals (n ¼ 5 animals for each diet type) were provided birdseed and either juvenile fish (sheepshead killifish, Cyprinodon variegatus; striped mullet, Mugil cephalus; bayou killifish, Fundulus pulvereus), grass shrimp (Palaemonetes), fiddler crabs (Uca panacea), marsh periwinkles (Littorina irrorata), or ribbed mussels (Geukensia demissus) for 72 h. Fecal pellets were collected after 36 and 60 h and ground with a mortar and pestle and prepared on slides as described previously. Insects were collected from field sites with a sweep net, dried at 658C, and ground with a mortar and pestle and prepared as slides. Although insects were not exclusive to wetland or uplands, this reference collection was necessary to distinguish terrestrial invertebrates from aquatic invertebrates. Because representation by each food type was not independent (e.g., all categories added to 100%), each food type was normalized with an arcsine transformation (Zar 1999) and analyzed separately with 2-way ANOVA using season and site (upland, wetland) as factors.
The relation between use of upland habitat and environmental factors was tested by regression analysis. Historical weather data for Galveston (J. M. Grymes III, in litt.) and daily tidal elevations for high and low tides recorded at the Galveston Channel 21 Pier, 2 km northeast of Galveston Island State Park (National Oceanic and Atmospheric Administration 1999), were obtained. Independent variables were elevation of high and low tide (m), average daily temperature (8C), percentage relative humidity, wind speed (knots), and accumulated precipitation (cm). Values for independent variables were averaged for days on which trapping occurred. The dependent variable was proportion of rice rats captured in upland habitats each month (computed as number of rice rats in uplands divided by total number of rice rats captured; data were arcsine transformed). Simple univariate regression was conducted to determine environmental variables that influenced capture of rice rats in uplands. Multicollinearity among these variables was detected with a correlation matrix (Chattergee and Price 1991) . Variables that were not significant in simple regression models and that exhibited collinearity with other variables were removed. Multiple regression analysis including the remaining variables identified effects of environmental factors on use of uplands by rice rats.
RESULTS
I sampled for 18,552 trap nights. A total of 402 individuals were captured, 321 in wetlands and 81 in uplands. Data are presented as mean 6 1 SE. Asynchronous density patterns resulted in an interaction between season and site (F ¼ 7.2, d.f. ¼ 3, 18, P , 0.002). Densities in wetlands were lowest during winter and highest in summer and autumn, whereas densities in uplands were lowest in summer and autumn and highest during winter and spring (Fig. 1) . Density in wetlands (10.5 6 0.81 individuals/ha) was greater than density in uplands (3.1 6 0.54 individuals/ha; F ¼ 35.3, d.f. ¼ 1, 6, P , 0.001; Fig. 1 ), but total density was not affected by season (
Overall sex ratio was skewed toward males (2.3:1; Fig. 2 ). Proportion of males was lower during autumn (F ¼ 4.7, d.f. ¼ 3, 15, P , 0.02; Fig. 2 ). Proportion of males in uplands was greater (80.0 6 3.8% males) than in wetlands (64.6 6 2.9% males; F ¼ 15.9, d.f. ¼ 1, 5, P , 0.01). The interaction of season and site was not significant (F ¼ 1.5, d.f. ¼ 3, 15, P ¼ 0.26).
Proportion of the population that was reproductive showed a season-by-site interaction because proportion of reproductive males decreased during summer in uplands (F ¼ 3.2, d.f. ¼ 3, 15, P , 0.05; Fig. 3 ) and proportion of reproductive females declined in uplands during summer and autumn (F ¼ 5.0, d.f. ¼ 3, 15, P , 0.01; Fig. 3 ). Proportion of reproductive males was highest during spring and summer (F ¼ 8.6, d.f. ¼ 3, 15, P , 0.002; Fig. 3 ), but proportion of reproductive females did not vary seasonally (F ¼ 2.0, d.f. ¼ 3, 15, P ¼ 0.16; Fig. 3 ). Proportion of reproductive males (46.6 6 5.8% in wetlands, 29.0 6 6.4% in uplands; F ¼ 8.7, d.f. ¼ 1, 5, P , 0.03) and females (65.3 6 4.7% in wetlands, 42.6 6 9.2% in uplands; F ¼ 27.9, d.f. ¼ 1, 5, P , 0.003) was higher in wetlands.
Proportion of adults (F ¼ 5.0, d.f. ¼ 3, 15, P , 0.01) and subadults (F ¼ 6.1, d.f. ¼ 3, 15, P , 0.007) showed a seasonby-site interaction because adults declined in uplands in spring, summer, and autumn and subadults declined in uplands during summer (Fig. 4) . Proportion of juveniles (F ¼ 10.7, d.f. ¼ 3, 15, P , 0.0005) also showed a season-by-site interaction because their occurrence increased in uplands during summer (Fig. 4) . Adults were more abundant during winter and spring (F ¼ 4.3, d.f. ¼ 3, 15, P , 0.02), subadults were more abundant during autumn (F ¼ 8.0, d.f. ¼ 3, 15, P , 0.002), and juveniles were more abundant during summer (F ¼ 6.1, d.f. ¼ 3, 15, P , 0.006; Fig. 4) . Recruitment of juveniles and subadults into uplands during summer and autumn resulted in increased density of upland populations that began in autumn and continued through spring (Fig. 1) . Decline in density during summer was not caused by movement of individuals back into wetlands, indicating that survival of individuals in uplands was poor. Proportion of adults was higher in wetlands (49.2 6 2.3%) than in uplands (30.5 6 5.1%; F ¼ 14.9, d.f. ¼ 1, 5, P , 0.01; Fig. 4 ), whereas proportion of subadults was similar in uplands (24.2 6 5.6%) and wetlands (23.5 6 2.6%; F ¼ 3.9, d.f. ¼ 1, 5, P ¼ 0.10; Fig. 4) , and proportion of juveniles was higher in uplands (45.1 6 7.3%) than wetlands (26.2 6 2.4%; F ¼ 10.5, d.f. ¼ 1, 5, P , 0.02; Fig. 4) .
Rice rats ate primarily aquatic organisms and wetland vegetation, with insects and upland vegetation constituting minor portions of the diet (Table 1) . Wetland vegetation eaten was primarily flowers and leaves of Borrichia frutescens, flowers and berries of Lycium carolinianum (Carolina wolfberry), flowers of Limonium nashii (sea-lavender), and seeds of Sporobolus virginicus (coastal dropseed). These plants are all found in the transitional zone between marsh and upland habitat and are accessible to animals in both upland and wetland habitats. Ingestion of aquatic organisms was highest during spring and summer (F ¼ 5.5, d.f. ¼ 3, 139, P , 0.001), and consumption of wetland vegetation was highest during winter and autumn (F ¼ 3.8, d.f. ¼ 3, 139, P , 0.01; Table 1 ). Rice rats in wetlands, compared to those in uplands, ate a higher proportion of aquatic organisms (F ¼ 42.6, d.f. Proportion of rice rats captured in uplands was associated with high tide, wind speed, relative humidity, and temperature (P , 0.01). The multiple regression model showed that use of upland habitat was affected by cold temperatures and high tides (P , 0.0001, R 2 ¼ 0.611). High tides and low air temperatures occurred from late December through early May, the period when uplands were occupied (Fig. 1) .
DISCUSSION
Seasonal fluctuations in overall density of rice rats were minor (Fig. 1) , a pattern also reported from Louisiana (Negus et al. 1961) . By contrast, seasonal variation in density of rice rats was marked in Virginia (e.g., from 3-8 individuals/ha in late winter to 15-87 individuals/ha in late fall on 2 plots-C. P. Bloch and R. K. Rose, in litt.) and Mississippi (from 5 individuals/ha in spring to 25 individuals/ha in late fall and early winter -Wolfe 1985) . Negus et al. (1961) suggested that density of rice rats was closely related to severity and duration of winter. Mild winters and field sites that were sheltered from open ocean in Galveston may have resulted in reduced seasonal fluctuations in density compared to populations along the open coast in Virginia and Mississippi. Populations of rice rats were male biased in Mississippi (1.25:1-Wolfe 1985) and Virginia (1.43:1 and 1.63:1-Bloch and Rose, in litt.), as with this study (Fig. 2) . In addition, peak abundances of juveniles in summer, subadults in autumn, and adults in winter and spring (Fig. 4) were similar to phenology for populations in Mississippi (Wolfe 1985) . However, reproductive activity of the Galveston population was lowest during summer and autumn (Fig. 3) but peaked during those seasons in populations from Florida (Smith and Vreize 1979) and Virginia (C. P. Bloch and R. K. Rose, in litt.).
Demographic characteristics of populations in uplands (i.e., density asynchronous with density in wetlands, high proportion of males, poor survival of recruits, low proportion of reproductive activity, and high proportion of juveniles) suggest that this habitat functions as a sink for dispersing individuals. My results reinforce the finding that rice rats in uplands are transient individuals (Wolfe 1982b) . Dispersal in noncyclic populations is predominantly saturation dispersal (Gaines and McClenaghan 1980; Krebs 1992) , in which there is an outward movement of surplus individuals from a population living at or near its carrying capacity (Lidicker 1975; Stenseth and Lidicker 1992) . As such, sink habitats may receive dispersers and function to regulate density of small mammals (Tamarin et al. 1984) .
Because salt marshes in Galveston Bay are highly fragmented and arranged as isolated or semi-isolated habitat patches, O. palustris may exist as a metapopulation where local populations have some risk of extinction. Metapopulations in highly fragmented environments may persist because risk of extinction is spread among independently fluctuating local populations (e.g., source and sink populations -Pulliam 1996) , thus providing overall stability (Goodman 1987; Hanski 1999; Howe et al. 1991) . Sink habitats also may contribute to a more diverse gene pool by increasing size of the metapopulation and thereby increasing effective population size (Hedrick and Gilpin 1997; Lande and Barrowclough 1987) . Upland habitat alone may not support viable populations but may have conservation value as a sink habitat in a metapopulation.
Uplands also may function as refuges during periods of unfavorable environmental conditions. Use of upland habitats by rice rats increased during winter and spring when air temperature decreased and maximal tidal height restricted availability of wetland habitats. However, demographic groups in uplands were not distributed as in wetlands, as might be expected in a refuge habitat. Occurrence of adults was higher in wetlands, occurrence of juveniles was higher in uplands, and there was no difference in occurrence of subadults between these habitats.
Nevertheless, uplands must function as a refuge during periods when wetlands are flooded. Flooding tides (!0.85 m above mean low low water) occurred every year from 1990 to 1998 except 1994 at a frequency that ranged from once in 1992 to 11 times in 1998 (National Oceanic and Atmospheric Administration 1999) . These flooding events were associated with tropical storms or hurricanes in the Gulf of Mexico. Strong winds accompanying these storms drove tide levels above mean high level and flooded wetland habitats around Galveston Bay. Trapping during October 1996 in uplands occurred during flooding of wetlands caused by Hurricane Josephine. During this period, population density and male-biased sex ratio in uplands matched that in wetlands, and all age classes were represented in uplands. From these results, I conclude that uplands are usually sink habitats that can function as refuges during annual or semiannual flooding events.
Rice rats are carnivores that prefer aquatic organisms (Sharp 1967) but also are opportunistic feeders that shift their diet seasonally to utilize available resources (e.g., seeds and herbaceous plant parts- Negus et al. 1961; insects and dicot vegetation-Kincaid and Cameron 1982) . Diet of rice rats in this study differed between upland and wetland habitats (Table 1) ; however, even rice rats in uplands ate primarily aquatic organisms and wetland vegetation, indicating that they did not use upland habitats as primary foraging areas. My results do not support the hypothesis that upland diet items were taken seasonally to supplement diets during periods of higher nutrient needs. Upland vegetation was eaten by animals in uplands only during winter, albeit in small amounts. Decline in consumption of aquatic organisms and increase in consumption of wetland vegetation during autumn and winter may reflect lower availability of aquatic organisms because of colder water temperatures during these seasons (Teal 1958 ).
These results demonstrate that upland habitats function primarily as sink habitats for populations of marsh rice rats but also as a refuge from seasonal flooding of wetland habitats. This finding indicates that current laws for wetland delineation are ecologically incomplete for O. palustris, and it adds small mammals to the growing list of fauna whose needs are not met by U.S. federal definition of a wetland (Bodie and Semlitsch 2000; Burke and Gibbons 1995; Semlitsch 1998) . Because of the value of uplands to these wetland species, it is imperative to extend federal wetlands protection to adjacent upland habitats. Several states have implemented legislation to extend protection to wetlands through the use of buffer habitat (Maryland-Rubin 1997; New Jersey-Torok et al. 1996) . Nevertheless, regulation of activities in the buffer zone is unique to state law and is not found in the section 404 federal program. Thus, it falls to the federal government to protect these integral habitats.
Knowledge gained from this study provides information for management and protection of rodent species whose lifestyles Winter 20 34.7 6 4.6 8.6 6 3.7 50.7 6 3.8 6.0 6 2.5 Spring 10 53.7 6 4.0 2.6 6 0.9 43.6 6 4.3 0 Summer 3 34.3 6 1.3 2.7 6 0.1 63.3 6 1.2 0.3 6 0.1 Autumn 7 37.2 6 6.7 2.5 6 1.1 61.1 6 7.4 0.2 6 0.2
Wetland Winter 23 60.2 6 3.7 6.7 61.5 32.4 6 3.9 0.8 6 0.5 Spring 25 71.0 6 2.0 3.7 6 0.9 25.2 6 2.2 0 Summer 30 70.5 6 2.2 8.0 6 1.2 21.5 6 2.0 0 Autumn 29 55.3 6 3.0 5.2 6 1.0 39.4 6 2.9 0 depend on both upland and wetland habitats. My findings support incorporation of buffer habitats and transitional areas into federal legislation and management schemes and reinforce the need for a more complete wetland definition that would integrate upland and wetland communities (Kruchek 2003) .
